Introduction
[2] The magnetic field originating from the interior of Saturn is famously axisymmetric. Magnetic field observations from the inner magnetosphere admit a tilt of dipole axis relative to Saturn's rotation axis no larger than 0.5° [Smith et al., 1980a [Smith et al., , 1980b Connerney et al., 1982; Dougherty et al., 2005; Giampieri et al., 2006] . In view of such a strong axisymmetry, field and plasma observations from the magnetosphere of Saturn are expected to show no diurnal periodicities. Yet, Cassini observations of field and plasma parameters are rife with diurnal modulations [Giampieri et al., 2006; Gurnett et al., 2007] . Early hints of a periodic signal in Saturn's magnetosphere arose from the observations of Saturn's auroral kilometric radiation whose intensity was seen to vary at a period of 10hr 39 min 22 s, a value adopted officially by the IAU as Saturn's rotation period [Carr et al., 1981] . Later observations showed that the Saturn kilometric radiation (SKR) period varies at the 1% level over time scales of years [Lecacheux et al., 1997; Galopeau and Lecacheux, 2000] suggesting that the origin of SKR periodicity lay in the magnetosphere rather than the interior of Saturn. Further credence to the external origin of periodicities was provided by the detection of a rotating magnetic field signal whose magnitude does not fall appreciably with radial distance from the planet [Espinosa et al., 2003a [Espinosa et al., , 2003b unlike an internally generated field whose strength would fall as 1/r 3 or faster.
[3] The observations of periodicities in field and particle data have inspired several compelling theories. Goldreich and Farmer [2007] suggest that a centrifugally driven convection system spontaneously breaks the axisymmetry of the magnetospheric field at Saturn. They argue that the density of the outflowing plasma contains an azimuthal variation of the form cos(8) (where 8 is the azimuthal angle) in the inner magnetosphere and that the outflow narrows into a tongue in the outer magnetosphere. The magnetic field perturbations arise from the field aligned currents joining the stream to the ionosphere. Gurnett et al. [2007] inspired by the observed azimuthal asymmetry in the electron density have put forward an independent but similar model. They show that in the inner magnetosphere, the electron density, the magnetic field component B 8 , and the Saturn Kilometric radiation are cyclic over time and share the same variable rotation period. Gurnett et al. invoke a two cell convection pattern driven by centrifugal interchange which funnels plasma into the outflowing region on the dense side of the convection pattern.
[4] Motivated by the observations of a rotating magnetic field in the inner magnetosphere which does not reverse its sign across the current sheet, Southwood and Kivelson [2007] put forward a model in which a rotating nonaxisymmetric system of field aligned currents flowing from one hemisphere of the ionosphere to the other generates a rotating uniform field in the inner magnetosphere and a dipolar field (with its dipole moment lying in the equatorial plane) in the middle and outer magnetosphere. When this dipole moment is added to the internal field dipole moment, a tilted magnetospheric geometry results explaining the observed current sheet tilt. Finally, Carbary et al. [2007] have recently provided evidence of spin periodicities in the energetic electron fluxes in Saturn's magnetosphere. They postulate that a plasma anomaly exists in the inner magnetosphere such that ''the compression/expansion action of the cam in the inner magnetosphere effectively 'shakes' the outer magnetosphere and produces tailward-moving transverse waves in synchrony with the rotation of the inner magnetosphere'' (p. 1).
[5] Even though all four of the models of spin periodicities were constructed to explain one or more primary observational data sets, they all display shortcomings when applied to observations other than for which they were constructed. For example, the two-cell convection models of Goldreich and Farmer [2007] and Gurnett et al. [2007] explain the periodicities observed in plasma density measurements well; however they are inconsistent with the observation that the radial field component B r reverses periodically in the middle magnetosphere. The convection models postulate periodic stretching (enhanced B r ) and dipolarization (diminished B r ) of the field as the spacecraft passes over the outflowing and return flow regions but it cannot explain reversals of B r . The magnetic field observations on the other hand show that B r reverses its sign periodically. This behavior can only be explained by postulating that the current sheet of Saturn is tilted. Moving on to the model of Southwood and Kivelson, we find that it explains the azimuthal and radial field measurements in the inner and middle magnetosphere well by proposing a tilt in the dipole field in the middle magnetosphere but is silent on the asymmetries of the observed field strength and the plasma fluxes in the inner magnetosphere. Finally, the Carbary et al. model postulates a cam source (assumed to be an azimuthal asymmetry in the plasma density in the inner magnetosphere) to explain the oscillations of the plasma fluxes but no attempt is made to model the magnetic field.
[6] In the next section we review all published observations of spin periodicities in the field and plasma parameters and introduce several new observations. In a later section we introduce a new model of current sheet tilt to explain the periodicities in the in situ field and plasma data from the middle and outer magnetosphere.
Observations of Spin Periodicities
[7] Perhaps the most discussed and best analyzed in situ data periodicities from Saturn's magnetosphere are those of the magnetic field in the inner magnetosphere. First discovered by Espinosa and Dougherty [2000] in the Pioneer 11 and Voyager 2 data, these periodicities of the azimuthal and radial components of the magnetic field have a magnitude of a few nT in which the radial component leads the azimuthal components by a quarter cycle. Espinosa et al. [2003a] demonstrated that the source of the periodicities cannot be a tilted internal dipole, a fact recently reiterated by Southwood and Kivelson [2007] . Espinosa et al. [2003b] suggested that the observed signal was created by the camshaft action of a low-latitude longitudinal asymmetry of the magnetic field on Saturn which excited compressional waves in Saturn's magnetosphere. Gurnett et al. [2007] have recently shown that the electron density in the inner magnetosphere and the SKR intensity are also modulated by the same period as the azimuthal component of the magnetic field in the so-called ''cam'' waves.
[8] In the middle and outer magnetosphere, our own survey of field and particle data from Cassini reveals that out-of-phase periodicities (field strength and plasma fluxes anti-correlated) are often observed in spacecraft data. Figure 1 shows an example of such periodicities in the magnetic field and low-energy electron data from the Cassini Plasma Spectrometer (CAPS) instrument when the spacecraft was inbound to Saturn in Rev. 26. The radial component of the magnetic field is seen to reverse twice in each $10 h 45 m period. At the location where B r = 0, the electron density and fluxes reach their local maximum indicating that the spacecraft is crossing the center of the current sheet. The magnetic field strength and the electron density have an out of phase relationship in these crossings. These data are consistent with the periodic crossings of a tilted rotating current sheet. Indeed, Khurana et al. [2007] have shown that a current sheet tilt of 8 -10°is sufficient to explain these observations. Comprehensive comparisons of field and plasma periodicities have not yet been made. However, in a data set spanning approximately 500 h from four different orbits of Cassini (Revs. 24, 25, 26, and 27) where we observed periodic current sheet crossings in the magnetic field data (from reversals in the sign of B r ), out-of-phase relationship between the electron fluxes and the field strength was always observed during current sheet crossings.
[9] Next, semipermanent azimuthal anomalies are routinely observed in the energetic neutral atom (ENA) flux images of the ring current region (6 R S < R < 14 R S ) taken by the Cassini MIMI/INCA instrument. An energetic neutral is created when an energetic ion is neutralized by charge-exchange with an atom from Saturn's neutral torus. Hence, the intensities of the resulting ENAs from a region are proportional to the product of densities of both the energetic ions and the neutrals in that region. Figure 2 shows ENA images of energetic hydrogen neutrals made in five energy channels over a period of 16 h on 6 April 2007. It can be seen that the ENA fluxes have an azimuthal asymmetry that rotates roughly with the planetary period. An animation of the 50 -80 keV channel provided as Animation S1 backs this conclusion.
1 Detailed modeling of ENA images from a five-day-long period by Paranicas et al. [2005] shows that the source population of energetic ions has two components, a steady axisymmetric component (a ring of plasma) and a spatially localized component (near a radial distance of 10 R S ) rotating in the magnetosphere at the SKR period. Recently, Carbary et al. [2008] have analyzed ENA images from a period of mid-2004 to mid-2007. A Lomb periodogram of the oxygen ENA images exhibited a very strong, repeatable period at 10.8 ± 0.23, very close to that of the SKR period which led Carbary et al. [2008] to suggest that the two phenomena have a shared cause. The analysis of hydrogen ENA images was inconclusive often showing periods close to that of SKR but no consistently reproducible periods over the three years that were analyzed.
[10] A manifestation of the energetic particles' anomaly is also present in the magnetic field which shows the presence of an azimuthal asymmetry in the ring current. The energetic particles depress the field in a magnetosphere by producing a ring current from their gradient and curvature drift in the nonuniform magnetic field of the planet. Figure 3 shows the difference field obtained from Cassini by subtracting Saturn's internal field from the observed field measured during Rev. 20. The main contributors to the difference field are various current sources in Saturn's magnetosphere such as the ring current, the equatorial current sheet and the magnetopause current. The field depression observed in the B q component in the inner/middle magnetosphere is a good (but not exact) proxy for the local strength of the ring current. The effect of a rotating ring current asymmetry is clearly visible as a rotational modulation of the B q component. The symmetric part of the ring current produces a depression of $8 nT near the closest approach (see the upper envelope indicated by a dashed curve in Figure 3 ), whereas the asymmetric part increases the depression by another $8 nT (the lower envelope).
[11] A survey of such data from Cassini reveals that the ring current region anomalies are always present in the magnetic field observations obtained from the inner/middle magnetosphere. They have a period close to that of the planetary rotation and show a systematic phase relationship with the azimuthal component (B 8 ) of the field (see Figure 3 ) which has been shown by Gurnett et al. [2007] to have a period identical to that of the SKR intensity. The asymmetric ring current amplitude is seen to vary from orbit to orbit over a range of 25À200% of the value of the symmetric ring current. The field and plasma data clearly establish that the energetic particle azimuthal anomalies and their associated partial ring current are a semipermanent feature of Saturn's magnetosphere.
[12] Finally, Gurnett et al. [2007] have recently shown that in the inner magnetosphere (3 R 5 R S ), the electron density profiles display azimuthal asymmetries when organized by the variable rotation period observed in the SKR intensities. As already mentioned, they also show that the period of the B 8 component observed in this region is identical to that of the SKR period. This discovery has led them to suggest that the radio modulation has its origin in the inner region of the plasma disk.
What Is the Source of Observed Magnetospheric Periodicities?
[13] We will now show that the periodicities observed in the field and particle parameters result from a combination of two phenomena: (1) a rotating azimuthal asymmetry in energetic plasma fluxes in the inner/middle magnetosphere and (2) a static tilt of the current sheet of Saturn. We will demonstrate that the current sheet tilt arises from an azimuthally asymmetric lift of the magnetospheric cavity by the solar wind in the presence of ring current asymmetries and the nonzero solar elevation angle.
[14] In order to understand the mechanism behind various periodicities, let us first look at the effect of a uniform current disk on the strength and configuration of the magnetic field. The ring current produced by the gradient and curvature drifts of energetic plasma in a nonuniform field depresses the field strength locally in the equatorial plane close to the planet because of the diamagnetic nature of plasma. Because the total magnetic flux from the planet is conserved, the field is enhanced elsewhere, namely in regions above and below the ring current (called the lobe regions) both locally and in distant magnetosphere (see Figure 4a for an example from Jupiter's magnetosphere). The effect of the ring current on the field can be visualized as a physical pulling out of the planetary field lines from the inner low-latitude magnetosphere into the high-latitude regions of the magnetosphere (Figure 4a ). The percent reduction of field strength from this ''field diversion'' is quite modest in the ring current regions of planets (<10% in Saturn's inner magnetosphere) because of the strong dipolar field close to the planet. However, in the outermost parts of the magnetosphere, the ring current and its extension, the current sheet, can make the lobe field many times stronger than that expected from a dipole field (see Figure 4b where we plot the dipole field and the observed field in Saturn's magnetosphere) illustrating the profound effect the plasma currents have on the configuration of a magnetosphere.
[15] Next, let us explore the consequences of the azimuthal asymmetry in the ring current on the local and distant magnetic field. Following Paranicas et al. [2005] , we assume that the ring current consists of two components, an azimuthally symmetric distribution and an enhancement centered at a certain longitude of the SKR coordinate system that we refer to as the prime sector. As already discussed, the local magnetic field would weaken further in the prime sector ring current region from the diamagnetic effect of additional plasma, but the field would be enhanced further above the current carrying region both locally and in the outer magnetosphere because of the continuity of magnetic field. Thus, the asymmetric ring current imposes a sinusoidal pattern (in longitude) of field strength variations in the midlatitude and high-latitude region of Saturn's magnetosphere. Cassini observations of the magnetic field from the midlatitude region of the magnetosphere confirm the existence of such a sinusoidal variation (see Figure 5) . The observed field in the middle magnetosphere is seen to vary cyclically at the SKR period, being stronger when the spacecraft is in the prime sector longitude.
[16] The out-of-phase periodicities observed in the lowlatitude magnetosphere discussed above however cannot be explained merely as the cyclical pattern imposed by the asymmetric ring current. The observed out of phase periodicities have a crucial property, the radial component of the field not only increases (stretched field lines) and decreases (more dipolar field lines) over one period of the SKR, it actually reverses sign twice in one SKR period (see Figure 1) . The reversal of B r shows that the spacecraft travels across the current sheet in a periodic fashion which is possible only if the current sheet is tilted with respect to Saturn's equatorial plane and is rotating with a period close to that of Saturn. We will next show that the tilt of the current sheet arises naturally from the action of solar wind lift on an azimuthally asymmetric magnetosphere.
[17] Close to the planet, the strong internal field of the planet ensures that the charged particles collect in the minimum field surface, i.e., the dipole equator. On the other hand, at large distances from the planet, the shape and location of the current sheet is governed by factors which are both internal to the magnetosphere (the temperature, density profile, azimuthal velocity and distribution function of plasma, strength and direction of the planetary field, etc.) and external to it (the solar wind flow direction and its dynamic pressure) [see Vasyliunas, 1983] . At large distances from the planet, the shape and location of the current sheet in the magnetotail is essentially determined by the shape of the planetary magnetopause which reorients and streamlines itself to minimize its cross section to the solar wind flow [Vasyliunas, 1983; Tsyganenko and Peredo, 1994; Khurana, 1992; Khurana and Schwarzl, 2005] . The solar wind-forcing on the magnetosphere can be resolved into two components, one along the magnetic dipole equator plane and the other across it. The forcing component parallel to the dipole equator compresses the magnetosphere on the dayside and stretches it into a long magnetotail on the night side. However, the component normal to the dipole magnetic equator lifts the magnetopause in the direction of the dipole moment vector. The forces experienced by the magnetopause are transmitted to the current sheet which for large solar elevation angle becomes distorted into a shallow bowl shape (see Figure 6b and Arridge et al. [2008] ).
[18] The distance at which the current sheet hinges away from the dipole magnetic equator has been termed the ''hinging distance'' and depends among other factors on the strength of the magnetospheric field in the lobe region. This follows from the Newtonian approximation for the pressure balance at the magnetopause (for example, in the magnetotail)
where y is the angle between the upstream solar wind flow direction and the normal to the magnetopause, r sw and V sw are the density and velocity of the solar wind, a is an empirically determined factor close to unity, and nkT is the particle pressure in the magnetosphere. In the lobe regions next to the magnetopause, the particle pressure is insignificant and |B| = B L .
[19] Thus at the high-latitude magnetopause
It can be seen from equation (2) that at any fixed radial distance, a stronger lobe field would result in a smaller y, i.e., the magnetopause (and therefore the current sheet) would be less aligned with the solar wind flow.
[20] With this basic understanding, it is easy to understand how a current sheet tilt develops in the magnetosphere of Saturn. As discussed above, |B| and B L are cyclical in Saturn's magnetosphere with an azimuthal wave number of m = 1 owing to the ring current region anomalies. Equations (1) Figure 5 . The effect of asymmetric ring current on the midlatitude magnetosphere: The magnetic field observed at midlatitudes (30°-40°) in the middle magnetosphere during Rev. 32. A clear periodicity near the SKR period is seen in all three components of the field and its strength.
and (2) show that if B L is a sinusoidal function of longitude, the magnetopause would develop a sinusoidal warp in its structure such that the solar wind ram pressure pushes up the ''lighter'' longitude sectors (i.e., lower particle pressure in the ring current region and weaker field in the outer magnetosphere) but leaves the ''heavier'' (and magnetically stiffer outer magnetosphere) prime sector close to the Saturnian equator. In other words, the hinging distance of the current sheet becomes a sinusoidal function of longitude. Thus, at any radial distance, the height of the current sheet becomes a sinusoidal function of longitude, an effective current sheet tilt (see Figure 6) .
[21] Here we must emphasize that the process just outlined does not introduce a dipole tilt in the magnetosphere, but introduces merely a current sheet tilt. The Saturnian field lines in the equatorial plane are pushed up in the direction of the solar wind flow in a sinusoidal fashion (current sheet tilt) but not the foot prints of these field lines in the ionosphere of Saturn required for a dipole tilt. Therefore, we predict that Saturn's auroral ovals would be centered roughly around the magnetic poles. Another point that must be emphasized is that because the plasma in the outer magnetosphere lags behind the ring current plasma in angular velocity, the current sheet plasma in the outer magnetosphere is continually subjected to cyclical vertical accelerations (in its rest frame) so that it remains confined to the same latitude in a frame rotating with the ring current plasma. As discussed by Northrop et al. [1974] and Vasyliunas [1983] in the context of Jupiter's magnetosphere, a lag would develop in the location of the current sheet because of the finite time it takes for the information to travel along the lobe field lines from the inner magnetosphere to the outer magnetosphere.
[22] The internal and external influences that determine the current sheet tilt in a magnetosphere can be identified by examining the configuration of the observed magnetic field. Figure 6 . The asymmetric lift of the magnetosphere produced by the solar wind in the presence of ring current asymmetries in the magnetosphere. Shown are the cross sections of the magnetosphere in the noon-midnight and dusk-dawn planes in the solar magnetic coordinate system whose Z axis is aligned along Saturn's dipole axis, Y axis is perpendicular to the Saturn-Sun line toward dusk, and X axis completes the triad. Shown in Figures 6a and 6b are the magnetospheric cross sections when the ''heavy'' sector of the ring current region is located on the day side. The heavy sector moves to the dusk (Figures 6c and 6d) , midnight (Figures 6e and 6f) , and dawn (Figures 6g and 6h) sectors. The location of Cassini is illustrated by a green dot. Notice that in each rotation of Saturn, the spacecraft crosses the current sheet twice.
A very powerful tool is provided by the so-called B r polarity maps, in which the sign of the radial component of magnetic field (B r ) (positive, negative or mixed) observed over a planetary rotation period is plotted on a radial distance (R) and latitude (q) grid. No prior knowledge of the phase or the exact period of the rotational signal is required to produce such maps. Figure 7 illustrates the expected maps for a variety of situations. For example, for an azimuthally symmetric magnetosphere formed by a rotation-axis-aligned dipole (Figure 7a) , the radial component of the field would be observed to be positive (red) above the rotational equator and negative (blue) below it over any rotational period. (Here we have assumed that the solar wind flow is directed along the dipole equator.) The crossings of the current sheet where the radial component changes sign (green region) would be observed when the spacecraft latitude is close to zero. However, for the same magnetosphere, when the solar wind is blowing from the south of the equator, the solar wind would push the current sheet and therefore the interface between the red and blue regions to positive latitudes (Figure 7b ). In the magnetotail at very large distances, the current sheet would attain a latitude equal to but negative of that of the solar elevation angle. Similarly, for the same magnetosphere, the solar wind blowing from north would push the current sheet southward (Figure 7c ) in the middle and outer magnetosphere. Next, let us look at the case of a magnetosphere formed by a dipole tilted with respect to the rotation axis by an angle q M . In such a configuration, the current sheet encounters are possible over a latitude range of ±q M (see the green region in Figure 7d ) in any given planetary rotation period. Next, Figure 7e describes the effect of solar wind (blowing from the south) on a tilted dipole configuration. Finally, Figure 7f sketches the effect of the asymmetric lift described in the current work for a situation when the solar wind is blowing from the south (the situation during the first four years of Cassini at Saturn). Near the planet, the strong symmetric field of Saturn keeps the current sheet tilt close to zero. However, with increasing radial distance, the planetary field weakens and the nonprime (''lighter'') sector of the magnetosphere because of its weaker field in the lobe regions would first get pushed to the positive latitudes from the rotational equator. The light sector current sheet would be found along the boundary of the red and the green regions. The ''heavy'' sector of the magnetosphere would remain anchored to the rotational equator over a larger radial distance and its current sheet would be found along the boundary between the green and blue regions. In between the two interfaces, the current sheet would be encountered from other sectors of the magnetosphere.
[23] We have now used all of the magnetic data available from Pioneer, Voyager and Cassini spacecraft (from SOI to February 2007) to produce a B r polarity map which is shown in Figure 8 . Because, the solar elevation angle covered a large range over the available data set, we have normalized the data for the situation when the solar wind is blowing from the south at an angle of 26.73°, the maximum solar wind elevation angle. This is done by multiplying the actual latitude of the spacecraft at the time of observation by a factor f = 26.73°/|q sun | where q sun is the solar elevation angle during the observation. In addition, if the solar elevation angle was positive (solar wind blowing from the north), both the field and the latitude were mirrored. It can be seen that the data are consistent with the asymmetric solar wind lift model illustrated in Figures 6 and 7f . The lighter sector of the magnetosphere is seen to have a hinging 
Maintenance of the m = 1 Structure
[24] The presence of azimuthal particle asymmetries with a wave number of m = 1 raises the question as to how they are generated and maintained in the magnetosphere. Simple order of magnitude calculations show that the relative drift speeds between different energy particles and loss of energetic particles to charge exchange in the inner magnetosphere of Saturn should smear and reduce any azimuthal variations of energetic particle densities over time scales of days. This suggests that the magnetospheric asymmetry must be constantly reinforced by a yet to be discovered mechanism. In the absence of any conclusive information on a source, we can only remark on the conditions that must be met to satisfy the observations. The two main sources of energy in Saturn's magnetosphere are Saturn's rotation and the solar wind. For the former to act as a driver of azimuthal asymmetries, two conditions would need to be met. First, the ionospheric region responsible for the transfer of energy into Saturn's magnetosphere would have to be rotating at the SKR period. Second, a certain longitudinal sector (prime meridian) would be required to supply elevated amounts of energy to the magnetosphere (presumably by means of an azimuthally asymmetric field-aligned current system). Southwood and Kivelson [2007] have indeed proposed a rotating field-aligned current system to explain the tilt of Saturn's current sheet. However, their proposed current system couples the north and south ionospheric hemispheres of Saturn to each other and does not provide any appreciable coupling (energy or momentum transfer) from the ionosphere to the magnetosphere. The rotating centrifugally driven convective instability mechanism, such as the one independently suggested by Gurnett et al. [2007] and Goldreich and Farmer [2007] also requires transfer of momentum and energy from the ionosphere of Saturn to the equatorial plane where plasma is picked-up asymmetrically around Saturn. However, because the field-aligned currents would be drawn from both the northern and the southern ionosphere of Saturn into the equatorial plane, there net contribution to the observed field in the equatorial plane would be close to zero. The rotating centrifugally driven Figure 8 . The B r polarity map from observations in Saturn's magnetosphere. If during a particular period of 12 h, B r is observed to be continuously positive, a red color is assigned to the symbol; if B r remained negative in such an interval, a blue color is assigned. If both positive and negative values of B r are observed during the 12 h interval, a green color is assigned. All of the data available from Pioneer 11, Voyager 1, Voyager 2, and Cassini were used to draw Figure 8. instability, therefore as currently formulated, cannot explain the observed ''cam'' field in the inner magnetosphere.
[25] For the second source of energy, namely, the solar wind to act as a driver for the ring current asymmetries, a synchronous plasma injection process presumably driven by reconnection in the outer magnetosphere would be required to preferentially inject hot plasma into the preexisting plasma anomalies. In this scenario, the injection and interchange events observed in both energetic particles Paranicas et al., 2007] and lowerenergy ions and electrons Hill et al., 2005] would maximize in a preferred sector, perhaps influenced by the preexisting field and plasma anomalies in the magnetosphere.
Discussion and Conclusion
[26] We have so far focused our attention on the longitudinal asymmetries in the hot and energetic plasma populations of the ring current. As discussed earlier, Gurnett et al. [2007] have shown that the overall plasma density, which is dominated by the number density of low-energy plasma (<100 eV), is also azimuthally asymmetric in the inner magnetosphere (radial distance <4.5 R S ). Recent modeling work of Delamere and Bagenal [2008] provides a natural explanation for these observations. They show that an azimuthally asymmetric hot electron population (Te ! 70 eV) with a fraction abundance of 0.3% of all electrons would be sufficient to maintain the observed plasma number density asymmetry from electron impact ionization if the energetic electron flux has an azimuthal variation of a factor of two in longitude. Delamere and Bagenal did not suggest a source for the hot electron asymmetry, but it is conceivable that the same processes that generate longitudinal asymmetry in energetic ions are also responsible for the asymmetry of the energetic electrons.
[27] It is not fully known how the particle asymmetries modulate the SKR intensity. Gurnett et al. [2007] have suggested that perturbations generated in the inner magnetosphere propagate outward and act as a cam that drives magnetospheric modulations such as the SKR. Our work has clarified that the ''cam'' source region is not the inner magnetosphere (because of the extremely low particle pressure of the cold plasma present there) but is located actually in the ring current region of high beta. In addition, we have provided direct evidence of an outward propagating rotating wave (see Figure 5 ) generated by the ring current plasma anomalies that could act as the source for an SKR signal and also shown that the ring current region anomalies excite periodicities in the rest of the magnetosphere by forcing a tilt in Saturn's current sheet. The analysis of Carbary et al. [2008] has shown that a major component of the ring current population indeed has a periodicity identical to that of the SKR. All these independent lines of evidences strongly suggest that the ring current anomalies are the hitherto hidden controllers of the period of the SKR intensity. If this finding is correct, then the clock period observed in a local time sector (say the dawn sector where the SKR appears to originate from) should be governed by the overall angular velocity of plasma in the ring current region where the signal originates. The period observed from local or remote sensed field and plasma observations would be slightly longer than the internal rotation period of Saturn because the plasma in the ring current region lags slightly behind Saturn's ionosphere because of mass-loading and outward flow of plasma in the inner magnetosphere. Saturn's SKR clock could be further modulated at a 1% level by a Doppler shift of the source region by conditions external to the planet's magnetosphere such as changes in the solar wind speed as recently discussed by Zarka et al. [2007] .
[28] Direct evidence of periodic variations in the shape of the magnetopause has already been documented by Clarke et al. [2006] . Using field and plasma observations from Revs. 16 and 17 of Cassini, they showed that the pre-noon magnetopause oscillates with the rotation period of Saturn in phase with the plasma pressure variations seen just inside the magnetosphere. This is readily understood from equations (1) and (2) when one takes into account the presence of azimuthal asymmetries in the field and plasma parameters. Clarke et al. however attributed the cyclical enhancement of particle pressure and motion of the magnetopause to a corotating anomaly at the planet which launches compressive waves outward into the sub-corotating outer magnetospheric plasma.
[29] Finally, we would like to point out that a test of the validity of the proposed model of the current sheet tilt is imminent. At equinox (August 2009), the solar wind flow direction would be parallel to the equatorial plane of Saturn. At this time, the solar wind would not be able to lift the current sheet out of Saturn's equatorial plane and the current sheet tilt should disappear. Our model therefore predicts that during a short period around equinox, periodic current sheet crossings would not be observed. However, the ring current anomalies observed in the in situ field and plasma data and the ENA data should still persist.
